At present, all documented RecJs are exonucleases, degrading single-stranded 26 nucleic acids. Here, we report a novel RecJ, from the extremely alkaliphilic bacterium 27 Bacillus alcalophilus (BaRecJ), which possesses endonuclease activity and can cleave 28 supercoiled DNA. BaRecJ contains the typical DHH and DHHA1 domains, which are 29 conserved in all RecJs, and a functionally unknown PIWI-like domain at the 30 C-terminus. The endonuclease activity originates from the C-terminal domain of 31 BaRecJ which contains PIWI-like domain, and the exonuclease activity from the 32 DHH and DHHA1 domains. Mutational analysis reveals that several important 33 residues affect the endonuclease activity of BaRecJ. Moreover, BaRecJ cleaves 34 specific target sequences at moderate temperature when directed by a 35 phosphorothioate-modified single-stranded DNA (S-modified ssDNA) guide. These 36 findings suggest that BaRecJ is substantially different from any reported RecJs and 37 has the potential to be developed as a new gene editing tool. 38 39 40 41 As a DHH phosphatase superfamily member, RecJ has long been considered to 42 function on ssDNA or ssRNA as an exonuclease (1,2), and is involved in diverse 43 processes including resecting DNA ends in homologous recombination (HR), 44 degrading the 5ʹ-strand of the DNA unwound by RecQ helicase at double-stranded 45 DNA breaks (3) mediating the excision step (4), reducing homology-facilitated 46 illegitimate recombination events (5), and rescuing stalled replication forks (6,7).
RecJ-like can also degrade ssRNA from the 3ʹ-end, and proofread 3ʹ-mismatched RNA primers in DNA replication (8) . 49 The enzymatic functions and activities of proteins are greatly influenced by the 50 domains that they contain. RecJ from the bacterium Escherichia coli (EcRecJ), a 51 typical RecJ, possesses DHH, DHHA1 and OB-fold domains, and exhibits 5ʹ-to 3ʹ-52 ssDNA exonuclease activity (9). Thermus thermophilus RecJ (TtRecJ) and 53 Deinococcus radiodurans RecJ (DrRecJ) possess the aforementioned domains and an 54 additional C-terminal element, which contributes to their DNA binding capability 55 (10, 11, 12) . RecJ from the archaeon Pyrococcus furiosus can degrade ssRNA from 56 both the 5ʹ-and 3ʹ-ends, despite only possessing DHH and DHHA1 domains 8 . In 57 contrast, Cdc45, a eukaryotic RecJ homolog, contains DHH and DHHA domains and 58 an additional C-terminal domain; it lacks nuclease activity but has ssDNA binding 59 capability (13). Although RecJ homologous genes have been found in almost all 60 bacteria, archaea and eukaryotes, RecJs have only been shown to degrade ssDNA and 61 ssRNA as exonucleases. 62 The crystal structures of RecJs from T. thermophilus and D. radiodurans have been 63 solved. The structure of TtRecJ reveals a pocket, formed from the OB fold domain. 64 The hole near the active site is too narrow for double-stranded (ds) DNA to fit, 65 ensuring the ssDNA-specificity of TtRecJ (7, 14) . The structure of DrRecJ shows that 66 the terminus of ssDNA is anchored to the 5ʹ-phosphate binding pocket above the 67 active site, which is guarded by a helical gateway. This prevents dsDNA from 68 entering the active site, and the OB fold domain is located beside the DNA entrance. 69 The structure suggests that a free 5ʹ-ssDNA is essential for DrRecJ nuclease activity 70 (15) . 71 In this study, we first report endonuclease activity of Bacillus alcalophilus RecJ 72 (BaRecJ; WP_003324372.1), and characterize its guide-dependent and domains. We also found that S-modified ssDNA can be a guide in guide-dependent 86 DNA cleavage by BaRecJ. Taken together, our findings suggest that the newly 87 identified BaRecJ is substantially different from other reported RecJ proteins. On one 88 hand, it is probably involved in homologous recombination and mismatch repair 89 based on exonuclease activity, and on the other hand, it functions as an endonuclease 90 like Argonaute (Ago) proteins to perform silencing of foreign genes. 91 
RESULTS AND DISCUSSION
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Expression of BaRecJ decreases transformation efficiency 94 As a multidomain protein, RecJ has conserved DHH and DHHA1 domains, which 95 are the catalytic core for RecJ exonuclease activity (16) (Figure 1a and 96 Supplementary Figure 1 ). Some RecJs also possess a C-terminal domain, and these 97 C-terminal domains confer diverse functions (7, 11) . In addition to the DHH and 98 DHHA1 domains, BaRecJ possesses a PIWI-like domain at its C-terminus (Figure 1a ). 99 The PIWI-like domain possesses endonuclease activity and plays an essential role in 100 RNA-induced silencing (17, 18) . 101 To elucidate the functions of RecJ from B. alcalophilus, we cloned and expressed 102 its gene. We found that the transformation efficiency in E. coli BL21 (DE3) was very 103 low when using a constitutive expression vector carrying BarecJ (around 5.3% 104 compared with empty vector pET-23b (+); P < 0.0067) ( Figure 1b ). What caused the 105 low transformation efficiency? We found that plasmids isolated from the above 106 transformants showed profound variation, except in a few regions essential for copy 
Characterization of the nuclease activity of BaRecJ
133
To confirm that the effect of BaRecJ toward host cells is due to nuclease activity, 134 we purified BaRecJ protein after inducing expression in E. coli at 16°C (Figure 3 Figure 7 ). Thus, we tested the activities of homologs of BaRecJ, including BhRecJ, 178 BoRecJ, FeRecJ, and BcRecJ. When we induced expression of these proteins, we 179 found that they also led to death of the host E. coli ( Supplementary Figure 8) Figure 9 ). In vitro, the D561A mutant disrupted the ability of the 189 enzyme to digest plasmid DNA, while the L634A mutant increased the activity, and 190 the mutants of the other two positions had little effect on the activity (Figure 5d , e).
The increase in activity caused by the mutation may be because it is more favorable 192 for binding to the substrate or catalytic reaction, or the steric hindrance is reduced 193 after the mutation of the inactive site, which is beneficial to the binding of the 194 substrate. In addition, we mutated other positions based on the predicted structure and 195 sequence comparisons. The E640A mutant showed reduced cleavage activity, 196 however, other three mutants E503A, H524A, E560A did not affect the activity 197 ( Figure 5f ). These results imply that residues D561 and E640 are important for the Table 3 ). Transformants were cultivated in LB 368 medium containing 50 µg ml −1 kanamycin and 50 μg ml −1 chloramphenicol at 369 37°C in a shaking incubator and grown to an OD600 of 0.5-0.6. The cells were Table 5 ). The reactions were performed at molar ratio 1:20:30 
